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Abstract 
An important measure in steel processing industry is achieving the required mechanical properties and microstructure 
of the material. A new phenomenon has been discovered recently which allows to refine ferrite grain significantly 
and to spheroidise carbides over a very short time compared to conventional heat treatment techniques. The newly 
developed technology based on the ASR (Accelerated Spheroidisation and Refinement) effect consists in heating a 
steel workpiece through thickness to a temperature no higher than Ac1 and in subsequent plastic deformation. The 
energy introduced through plastic deformation causes the workpiece temperature to increase. This temperature 
increase, however, is not uniform throughout the workpiece cross-section, leading to substantial inhomogeneity. Fully 
austenitized regions, partially austenitized regions, and areas where no phase transformation occurred, coexist. In 
locations previously subjected to intensive plastic deformation, cementite lamellae disintegrate and globular carbides 
form. In regions subjected to milder plastic deformation, spheroidisation does not occur directly in the course of the 
thermomechanical treatment. Despite, the cementite lamellae show a stronger tendency to spheroidise during 
subsequent annealing. The combination of a suitable pre-heating temperature, an appropriate amount of strain and a 
possible reheating leads to transformation of initial ferrite-pearlite microstructure with lamellar pearlite into desired 
ferrite matrix with spheroidised carbides. Key microstructure parameters governing the properties of ferrite-pearlite 
steels include exactly the ferrite grain size, the distribution of defects within the ferrite grain and the distribution and 
morphology of carbides. The present article describes a new thermomechanical treatment technique which allows 
controlling these microstructure parameters and related mechanical properties in order to achieve their favourable 
combination in structural carbon steel C45. The processing time is very short when compared to several-hour 
conventional heat treatments. This offers potential for achieving desired mechanical properties with time and energy 
savings. 
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1. Introduction 
Current processes leading to carbide spheroidisation rely on diffusion of carbon in a workpiece heated 
to a temperature close to or slightly below Ac1 [1]. Diffusion-based processes of this type are usually long-
term and time-consuming. The holding times of up to tens of hours [2] make this type of annealing one of 
the most expensive heat treatment processes ever. During annealing, softening processes are under way in 
the microstructure and, in some cases, recovery and recrystallization take place as well. Naturally, the 
morphology of carbides changes as well [3]. The strength and hardness of the steel workpiece decline, 
whereas its ductility increases and its plastic deformation capability is recovered. The newly-designed and 
patented thermomechanical process brings several-fold reduction in the processing time and results in 
considerable cost savings. 
The present paper describes exploration of the influence of plastic deformation intensity and 
subsequent temperature hold upon carbide spheroidisation process. Significant acceleration of the process 
relates to steel heating at a temperature just under the transformation temperature Ac1 and to introducing 
plastic strain into the material [4]. 
2. Experimental 
The experimental programme was performed using structural carbon steel C45 with the chemical 
composition listed in Table 1. The initial microstructure consisted of ferrite and lamellar pearlite with 
pronounced banding along the axis of the bar stock. Hardness of the as-received material was 180 HV, 
0.2 proof stress 378 MPa, ultimate tensile strength 673 MPa, elongation A5=29% and impact toughness 
KCV=42 J/cm2.  
Table 1 Chemical composition of C45 steel [wt. %] 
C Si Mn S P Cr Ni Cu Mo Ti V W 
0.42 0.24 0.69 0.019 0.016 0.12 0.16 0.12 0.02 0.002 0.004 0.01 
 
The purpose of the treatment was to explore the influence of deformation intensity and a hold upon 
carbide spheroidisation and mechanical properties:   
 
x conventional soft annealing – the HT schedule; 
x thermomechanical treatment –1,2,3,4  schedules; 
x thermomechanical treatment –1, 2, 3, 4 + post-treatment schedules. 
 
These treatment schedules are further described in the following section 2.1. 
The specimens were processed in an atmosphere furnace and plastically deformed between flat swages 
of a hydraulic press. Metallographic structure observation was performed on longitudinal sections of all 
specimens in order to examine and to compare microstructures throughout the specimen cross-section. 
The microstructure was observed using light and scanning electron microscopes. Vickers HV30 hardness 
was measured on specimens. Specimens with the gauge length of 20 mm and a diameter of 4 mm were 
used for tensile testing. Charpy impact test was carried out using miniature specimens with the 
dimensions of 3×4×27 mm with a 1 mm-deep V-notch. 
2.1. Treatment Schedules 
Conventional soft annealing – the HT schedule  
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For the purpose of comparison with the newly-designed thermomechanical process, conventional soft 
annealing was carried out. This heat treatment consisted in 12-hour hold at 710°C and slow furnace 
cooling for 30 hours (HT specimen). 
 
Thermomechanical treatment – 1, 2, 3, 4  schedules  
The stock with the diameter of 50 mm and the length of 70 mm was heated in an air furnace and then 
formed to various reduction levels between flat swages of a hydraulic press with the ram speed of 25 mm 
per second. The schedule included heating of the workpiece through thickness to a temperature just below 
Ac1, one-hour hold and subsequent plastic deformation in a press. In schedules 1, 2 and 3, deformation 
was applied in a single direction (upsetting). In the schedule no. 4, deformation was introduced in two 
perpendicular directions. After forming, the workpiece was left to cool in air. The soaking temperature 
was 710°C and the total effective strain  H   was calculated for individual schedules by numerical 
simulation (Table 2).  
 
Thermomechanical treatment – 1, 2, 3, 4 + post-treatment schedules  
To explore the effect of the hold after plastic deformation on the microstructure, schedules 1, 2, 3+ 
were designed. They comprised heating to 710°C, one-hour hold, forming in a press (as in schedules 1, 2, 
3, 4) and subsequent hold at 710°C. Specimens then cooled in air. 
Table 2 Treatment schedules, mechanical properties and results of numerical simulation for the specimen centre. 
  
Values upon first  
deformation 
Values upon second 
deformation Hold upon 
deformation HV30 
0.2 Proof 
Stress 
[MPa] 
UTS 
[MPa] 
A5 
[%] 
KCV 
[J/cm2] 
İ [-] T [°C] İ [-] T [°C] 
Initial 
state      180 378 673 29 42 
HT      148 298 541 33 45 
1 1.0 737 - - No 179 470 642 18 47 
2 1.7 752 - - No 182 476 613 26 53 
3 2.9 770 - - No 181 483 596 27 46 
1+ 1.0 737 - - Yes 170 415 580 20 47 
2+ 1.7 752 - - Yes 175 421 575 22 57 
3+ 2.9 770 - - Yes 175 432 570 23 - 
4 2.9 770 4.0 741 No 176 482 611 24 51 
4+ 2.9 770 4.0 741 Yes 145 385 539 30 55 
2.2. Numerical simulation 
 Numerical simulation of the thermomechanical treatment was carried out using the software 
DEFORM to monitor the distribution of strain and temperature throughout the specimen. Effective strain 
magnitude and a temperature increase due to plastic deformation primarily in the centre of the specimen 
(point P1) but also halfway between the centre and the surface (point P2) were monitored (Table 2). 
Effective strain was calculated by numerical simulation according to the equation (1). 
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where İ1, İ2 and İ3 are principal strains and H  is the 
effective strain. 
3. Results and Discussion 
 The experimental programme was carried out using C45 
steel with lamellar pearlite in the as-received state upon 
rolling (Fig. 4a). With this cementite morphology, the 
transformation to globular form is relatively difficult, as 
evidenced by the reference sample (HT). It was annealed for 
12 hours at 710°C and furnace cooled for 30 hours. 
Cementite lamellae only broke down partially throughout the 
specimen. The hardness of conventionally annealed specimen 
decreased from the as-received state (180 HV30) to 148 
HV30. Other mechanical properties are listed in Table 2. The 
ultimate strength decreased to 541 MPa and elongation increased to 33 %. Impact toughness value 
increased to 45 J/cm2. 
Microstructures of thermomechanically treated specimens contained carbides which were significantly 
more spheroidised. In the centre of specimens 1, 2 and 3, the uniformity of carbide distribution increased 
with the amount of plastic strain (Fig. 2). Cementite lamellae in the centre of the specimen no. 1 
spheroidised only partially. More complete spheroidisation can be achieved by introducing higher plastic 
strain. In specimen 2, the degree of carbide spheroidisation was significantly higher. There were only 
some isolated regions with cementite lamellae (Fig. 3a). In specimen 3, the spheroidisation was almost 
complete and carbides were distributed uniformly. Ferrite grains became considerably finer both in ferrite 
regions (between 4 and 20 m) and in the regions with high carbide density (1 to 3 m). The ferrite grain 
size was rather non-uniform, particularly in the carbide-free regions. 
Specimens 1 through 3 exhibited great differences between microstructure of the centre and the areas 
midway between the centre and the surface. The microstructure outside the centre was almost identical to 
the initial microstructure. The material underwent partial recrystallization; ferrite subgrains formed and 
minor part of carbides spheroidised.  
Mechanical properties of these three specimens exhibited an obvious trend (Table 2). With increasing 
plastic strain, the yield strength and elongation increased and tensile strength decreased. The increase in 
yield strength is probably caused by the overall ferrite refinement, whereas the decline in ultimate tensile 
strength is due to carbide spheroidisation.  Impact toughness did not exhibit a clear trend.  The values are 
shown in  Table 2. Hardness values were close to 180 HV. 
Fig. 1 Distribution of effective strain after second 
compression of the no. 4 specimen. 
 
Fig. 2 (a) Sample 1, centre; (b) Sample 2, centre; (c) Sample 3, centre 
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Schedules comprising a one-hour hold at 710°C (1+, 2+, 3+) were proposed for greater homogeneity 
and softening of the microstructure. However, microstructure of the specimens did not become more 
homogeneous, as seen on the cross-section. The degree of carbide spheroidisation did not increase either 
(Fig. 3b). The hold only led to further softening of the ferrite matrix and to ferrite grain coarsening. Like 
in specimens 1, 2, 3, these samples, which were processed with an added hold, showed a clear trend. With 
increasing plastic strain, the yield strength and elongation increased and tensile strength decreased. This is 
controlled by the degree of ferrite grain refinement and carbide spheroidisation. Hardness values were 
close to 170 HV. 
Specimens 4 and 4+ were, in addition to optical and electron microscopes, examined using EBSD 
imaging (Electron Back Scattered Diffraction) (Fig. 5).  
Microstructure of the specimen no. 4 contained, like in specimens 2 and 3, spheroidised carbides and 
refined ferrite grains (Fig. 4b). The second deformation contributed greatly to carbide spheroidisation in 
areas outside the centre of the specimen. 50% spheroidisation of cementite was revealed even below the 
surface. However, the degree of uniformity of cementite distribution only increased in the specimen 
centre, i.e. in the location of highest plastic strain. In ferrite regions, part of grains remained intact, 
whereas some exhibited subgrains with low angle (between 2 and 15°) boundaries. In pearlite regions, 
subgrains formed in full.  
In the specimen 4+, the one-hour hold at 710°C following the plastic deformation affected both ferrite 
grain size and the shape of cementite particles  (Fig. 4c). Ferrite grain size in carbide-free regions almost 
grew to the initial value (20 to 30 m). However, in the areas of high carbide density, fine ferrite grain 
boundaries remained pinned by these carbides and no grain growth occurred. The one-hour hold led to 
significant softening in the specimen 4+. This softening was due to ferrite microstructure recovery in 
grains and subgrains. It manifested in better quality of diffraction patterns than in the specimen no. 4 and  
 
Fig. 3 (a) Sample 2, in the middle; (b) Sample 2+, in the middle. 
 
Fig. 4 (a) Initial state; (b) Sample 4, in the middle; (c) Sample 4+, in the middle. 
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in identical lattice orientation throughout each grain 
and subgrain. 
 Mechanical properties of specimens 4 and 4+ are 
listed in  Table 2. The specimen processed with the 
hold showed significant softening. Hardness 
decreased from 176 HV to 145 HV, yield strength 
declined from 482MPa to 385 MPa, and the ultimate 
tensile strength changed from 611 MPa to 539 MPa. 
Elongation increased to 30%.   
4. Conclusions 
A thermomechanical treatment process has been 
designed which leads to carbide spheroidisation over 
a very short time thanks to plastic deformation. 
Recrystallization takes place concurrently with 
carbide spheroidisation. The first markedly changes 
the grain size (ASR – Accelerated Spheroidization 
and Refinement). With increasing amount of plastic 
strain introduced in a single direction, the yield 
strength and elongation slightly increase, whereas 
the ultimate tensile strength decreases. This is caused by the ferrite matrix refinement and by the degree 
of spheroidisation of carbides. The hold at temperature introduced right after deformation led to further 
softening of the material. Grains coarsened in ferrite regions, whereas the regions with increased carbide 
density retained the grain and subgrain size of about 3 m resulting from the plastic deformation.  Further 
research will focus of optimization of parameters of thermomechanical treatment in order to achieve 
uniform distribution of globular carbides throughout the specimen in shortest possible time and to 
improve mechanical properties. 
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Fig. 5 EBSD orientation map of sample 4+ in the middle. Each
colour corresponds to certain orientation of ferrite lattice. The
thick lines correspond to high angle boundaries (angle of
misorientation >15°), thin lines to low angle boundaries (angle 
of misorientation  from 2° to 15°). 
